Analysis of the effects of alterations in the tick-borne encephalitis virus 3′-noncoding region on translation and RNA replication using reporter replicons  by Hoenninger, Verena M. et al.
Virology 377 (2008) 419–430
Contents lists available at ScienceDirect
Virology
j ourna l homepage: www.e lsev ie r.com/ locate /yv i roAnalysis of the effects of alterations in the tick-borne encephalitis virus 3′-noncoding
region on translation and RNA replication using reporter replicons
Verena M. Hoenninger a, Harald Rouha a, Klaus K. Orlinger a,1, Lisa Miorin b, Alessandro Marcello b,
Regina M. Koﬂer a, Christian W. Mandl a,⁎ ,2
a Clinical Institute of Virology, Medical University of Vienna, Austria
b Laboratory of Molecular Virology, International Centre for Genetic Engineering and Biotechnology (ICGEB), Trieste, Italy⁎ Corresponding author. Clinical Institute of Virology,
Kinderspitalgasse 15, A-1095 Vienna, Austria. Fax: +43 1
E-mail address: christian.mandl@meduniwien.ac.at (
URL: http://www.viroman.at (C.W. Mandl).
1 Current address: Baxter AG, Biomedical Research Ce
2 Current address: Novartis Vaccines and Diagnostics,
0042-6822/$ – see front matter © 2008 Elsevier Inc. Al
doi:10.1016/j.virol.2008.04.035A B S T R A C TA R T I C L E I N F OArticle history: The 3′-noncoding region (
Received 11 March 2008
Returned to author for revision
19 April 2008
Accepted 25 April 2008
Available online 3 June 2008
Keywords:
Flavivirus
TBEV
RNA replication and translation
Replicon
Noncoding region3′-NCR) of the ﬂavivirus genome includes a variable region that tolerates the
insertion of heterologous genetic information. Natural isolates of tick-borne encephalitis virus (TBEV) have
particularly long variable regions, which, for some strains, include an internal poly(A) tract. We constructed
luciferase reporter replicons of TBEV to analyze the impact of variousmanipulations of the 3′-NCRon viral RNA
translation and replication. The choice of the reporter gene, its position and processing within the viral
polyprotein, and the choice of standards were found to be important for obtaining a sensitive and reliable test
system. We observed that truncation or complete removal of the internal poly(A) tract, or even the entire
variable region, had no signiﬁcant impact on translation and replication of the RNA inmammalian cell culture.
Substitution of the variable regionwith foreign genetic elements impaired RNA replication to various degrees
but generally had no inﬂuence on viral translation. Expression cassettes driven by an IRES element inhibited
RNA replication more strongly than did repetitive protein-binding elements derived from a bacteriophage,
evenwhen the ligand that binds these elements was co-expressed in the cells. Previously identiﬁedmutations
in the IRES partially relieved this inhibition when introduced into the reporter replicon but provided no
evidence for intramolecular competition for translation factors. Impairment of replication appeared to depend
more on the type of foreign insert than on its length. These results provide a rational basis for the construction
of TBEV-based vectors or vaccines as well as molecular tools for studying ﬂavivirus replication.
© 2008 Elsevier Inc. All rights reserved.Introduction
Flaviviruses (members of the genus Flavivirus, family Flaviviridae)
are small enveloped viruses with a positive-stranded RNA genome
(Lindenbach et al., 2007). Most ﬂaviviruses are transmitted by
arthropods to vertebrates and replicate in both hosts. The genus can
be further divided into two major groups based on the arthropod
vector in which the virus can replicate: the mosquito-borne ﬂavi-
viruses, which include the dengue viruses, yellow fever virus, West
Nile virus, and Japanese encephalitis virus, and the tick-borne
ﬂaviviruses, of which tick-borne encephalitis virus (TBEV) is the most
important human-pathogen (Gubler et al., 2007). Although the overall
genome structure, replication strategy, and individual protein func-
tions are conserved between the mosquito- and tick-borne ﬂavi-
viruses, there are nevertheless important differences that determine
their vector speciﬁcity and pathogenic potential.Medical University of Vienna,
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l rights reserved.All ﬂaviviruses have a genome consisting of a single positive-sense
RNA molecule that is approximately 11 kb long, has a 5′ methylgua-
nylate cap, and lacks a poly(A) tail (Lindenbach et al., 2007; Wengler,
1981; Wengler and Gross, 1978). This genomic RNA is infectious when
introduced into cells by transfection and can beused immediately as an
mRNA for translation of a single open reading frame that encodes a
polyprotein precursor of the three structural (C, prM, and E) and seven
nonstructural (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) proteins.
The individual viral proteins are made from the precursor by co- and
posttranslational processing by the viral NS2B/3 protease and host-cell
proteases (Lindenbach et al., 2007). The genomic RNA is also used as a
template forminus-strand RNA synthesis and genome replication (Chu
and Westaway, 1985). It can also be packaged into infectious virions
after sufﬁcient amounts of the necessary structural components have
been synthesized. Genomes from which some or all of the structural
genes have been deleted are still able to replicate in the cell, and these
artiﬁcial replicons have a number of potentially useful applications,
both as tools for basic research and for development of gene-delivery
systems and vaccines (Gehrke et al., 2005; Khromykh, 2000; Shi et al.,
2002; Yoshii et al., 2005). One way in which mosquito- and tick-borne
ﬂaviviruses differ is in the sequences and positions of speciﬁc func-
tional RNAelements located near the 5′ and 3′ ends of the RNA genome
Fig. 1. Schematic diagram of TBEV reporter replicons. A generalized scheme showing
the common features of all of the replicons (not to scale) is shown at the top of the
ﬁgure, and the speciﬁc features of the individual constructs are illustrated below it.
5′-NCR, 5′-noncoding region; 3′-NCR, 3′-noncoding region; Ctruc, truncated capsid
gene; luc, luciferase gene; E472, codon 472 of the E protein gene; NS1–NS5, the
coding region for nonstructural proteins 1–5; C17, C27, and C37, truncated C genes
containing only the ﬁrst 17, 27, and 37 codons, respectively; Rluc, the Renilla
luciferase gene; ﬂuc, the ﬁreﬂy luciferase gene; NS2B/3, cleavage site for TBEV NS2B/
3 protease; FMDV2A, foot-and-mouth disease virus 2A site; TaV2A, Thosea asigna
virus 2A site; GAA, site of GDD-GAA mutation in the NS5 polymerase active site.
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RNA replication, translation, and possibly also genome packaging
(Markoff, 2003). Although the speciﬁc functions of some elements
have been identiﬁed, it is often difﬁcult to distinguish between these
functions because they are interdependent, and most assay systems
measuring the effects of speciﬁc mutations on virus growth, viral
protein expression, or synthesis of viral RNA are actually measuring a
combination of effects.
Using various artiﬁcial experimental systems including replicons and
reporter constructs, it has already been possible to deﬁne the roles of
particular conserved RNA elements in the 5′- and 3′-terminal regions of
mosquito-borne ﬂaviviruses (Alvarez et al., 2005; Chiu et al., 2005; Deas
et al., 2005; Edgil et al., 2003; Filomatori et al., 2006; Holden and Harris,
2004;Holden et al., 2006; Lo et al., 2003; Tilgner et al., 2005; Tilgner and
Shi, 2004). However, some of the analogous elements in tick-borne
ﬂaviviruses have different sequences and secondary structures from
those of themosquito-borne viruses, and sometimes they are located at
a different position in the genome (Mandl et al., 1993; Markoff, 2003).
For example, it was shown recently that the RNA cyclization elements
that are used in theTBEV replicationmechanismare not only different in
sequence from those in mosquito-borne ﬂaviviruses, but they are also
closer to the ends of the RNA molecule and do not overlap with the
coding region (Koﬂer et al., 2006). Additional experimental systems are
therefore needed to functionally map the noncoding regions of tick-
borne ﬂaviviruses and to compare them to those of themosquito-borne
ﬂaviviruses.
The 3′-NCR (3′-noncoding region) of TBEV is extremely variable in
length, ranging from about 450 to 800 nucleotides (nts) in natural
isolates (Wallner et al., 1995). It is further subdivided into a highly
conserved “core” region of about 340 nucleotides at the extreme 3′ end
and a “variable” region between the core and the end of the coding
region. The core consists primarily of conserved RNA secondary struc-
tures that are essential for viral replication (Hahn et al., 1987; Mandl
et al., 1993, 1998; Pletnev, 2001; Rauscher et al., 1997; Wallner et al.,
1995). The variable region lacks sequence conservation and can be of
different lengths. In some, but not all, TBEV isolates, it contains an
internal poly(A) tract that can range in size from just a few to 200 or
more consecutive adenine residues (Mandl et al., 1998, 1991). While it
has been shown that the components of the variable region are
not essential for virus growth, it still remains to be established wheth-
er they might have an effect on the efﬁciency of RNA replication or
translation under some conditions.
TBEV and replicons derived from it have been shown in earlier
studies to have potential as a basis for constructing replicating RNA
vectors for use in basic research as well as vaccine development, and
these vectors have advantages over DNA-based systems in terms of
efﬁciency and safety (Khromykh, 2000; Khromykh and Westaway,
1997). Bicistronic expression systems have been successfully con-
structed by replacing the variable region with expression cassettes
containing an internal ribosome entry site (IRES), but, for reasons that
are not yet completely clear, these replicate inefﬁciently compared to
the parental replicon (Jones et al., 2005; Khromykh and Westaway,
1997; Orlinger et al., 2006; Scholle et al., 2004; Shi et al., 2002).
In this study, we have established a luciferase reporter replicon
system for TBEV that allows effects of alterations in the genome on
translation and RNA replication to be analyzed separately. Using
appropriate standards for normalization, we have now been able to
do quantitative comparisons between different constructs and thus
assess the effects of different changes in the 3′-NCR. We have used
this system to do a systematic deletion analysis of the variable region
and found that this region does not signiﬁcantly affect translation or
RNA replication efﬁciency. We have also tested the effects of in-
serting different expression cassettes and RNA elements that bind
speciﬁc proteins and found that these also do not affect translation,
although they have a negative effect on RNA replication. The results
of this study underscore the great practical potential for using thevariable region of the TBEV 3′-NCR as a site for insertion of various
genes and RNA elements for the purpose of establishing replicating
systems for foreign gene delivery, studies of RNA movement and
turnover, and vaccine development.
Results
Construction and characterization of reporter replicons
To establish a sensitive reporter system for measuring the level of
cap-dependent translation of TBEV replicon RNA, we made plasmid
constructs for use as templates for in vitro synthesis of capped RNA in
which most of the region of the TBEV genome encoding the structural
proteins C, prM, and E was replaced in-frame by a luciferase reporter
gene. In these constructs, the natural translation initiation site of the
viral polyproteinwas retained together with the ﬁrst 17, 27, or 37 amino
acids of the capsid protein fused to the reporter (Fig.1). The rest of the C
gene, the entire prM gene, and all of the E gene except for the second
transmembrane region (TM2) were deleted. The TM2 portion of E was
retained because it also serves as an internal signal sequence for
establishing the proper topology of the polyprotein in the ERmembrane
and targeting of the nonstructural protein NS1 to the secretory pathway
(Lindenbach et al., 2007). The sequence was preceded by a recognition
sequence (Arg-Arg-Ser) for the replicon-encoded viral NS2B/3 protease
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polyproteinprecursor. In some constructs, a 2A sequence from foot-and-
mouth disease virus or fromThosea asignaviruswas inserted in order to
compare the efﬁciency of these different systems. In these experiments,
two different luciferase genes were tested as reporter genes: Renilla
luciferase (Rluc) and ﬁreﬂy luciferase (ﬂuc).
When BHK-21 cells were transfected by electroporationwith capped
replicon RNAmade by in vitro transcription of a construct containing the
ﬁrst 17 codons of the C region fused to ﬁreﬂy luciferase (C17ﬂuc, Fig. 1),
there was a biphasic pattern of luciferase activity over a time course of
72 h (Fig. 2A). The ﬁrst peak, which appeared within the ﬁrst 2 h after
transfection, shows that the initial input RNAwas translated in the cell,
yielding a functional luciferase enzyme. After a subsequent decrease in
luciferase activity indicative of a decrease in translation (probably due to
degradation of the input RNA), a second, higher peak of luciferase ac-
tivity was detected which began to increase around 12 h after trans-
fection. This second peak represents luciferase that was expressed from
newly synthesized sense-strand RNA after replication of the input RNA.
Similar biphasic proﬁles have been observed previously with reporter
replicon systems derived from mosquito-borne ﬂaviviruses (Alvarez
et al., 2005; Filomatori et al., 2006; Holden et al., 2006; Lo et al., 2003).
Surprisingly, in contrast to the C17ﬂuc construct, an analogous
construct that instead contained the luciferase gene from Renilla,
C17Rluc (Fig. 1), did not yield a biphasic proﬁle, giving rise to only the
ﬁrst peak, corresponding to translation of the input RNA (Fig. 2B). This
observation indicates that although the C17Rluc RNA is competent for
cap-dependent translation and expression of functional Renilla lucifer-
ase, this RNA, unexpectedly, is not able to replicate efﬁciently in BHK-21
cells. This lack of efﬁcient replication was also reﬂected by a lack of
detectable NS1 protein in immunoﬂuorescence assays carried out three
days after transfection (Fig. 2C).
We speculated that the C17Rluc fusion might have resulted in a
fortuitous disruption of the local RNA secondary structure that inter-
feredwithRNA replication.We thereforemade additional constructs in
which the Rluc gene was inserted at a position farther downstream,
reasoning that increasing the distance between the luciferase gene and
the putative RNA secondary structure element in the 5′ portion of the
genome might alleviate this problem. The ﬁrst of these, C27Rluc, con-Fig. 2. (A) Kinetics of ﬁreﬂy luciferase activity in BHK-21 cells transfectedwith C17ﬂuc. Mock,
in BHK-21 cells transfected with C17Rluc, C27Rluc, or C37Rluc. (C) NS1 expression measure
transfection with replicon C17Rluc, C27Rluc, or C37Rluc, or a replication-deﬁcient mutant, Δtained the ﬁrst 27 amino acids of C fused to the reporter gene, and the
second, C37Rluc, contained 37 amino acids (Fig. 1). Interestingly, RNA
replication competence was indeed observed when capped RNA de-
rived from each of these constructs was used to transfect BHK-21 cells,
with both constructs yielding a biphasic proﬁle similar to the one
obtained with C17ﬂuc (Fig. 2B). Both of these also yielded positive
results in the immunoﬂuorescence assay with anti-NS1 antibody, in
contrast to C17Rluc (Fig. 2C). This demonstrates that although insertion
of the Rluc gene is tolerated in some contexts, the C17Rluc fusion
apparently interferes with replication of the replicon RNA.
For reasons of consistency and comparability of data, we chose to
use C17ﬂuc constructs in all of the experiments discussed below,
because the C17 replicon used for constructing C17ﬂuc had been ex-
tensively characterized in an earlier study (Koﬂer et al., 2006).
Because the constructs described above rely on the viral NS2B/3
protease encoded in the replicon itself for release of the luciferase
reporter enzyme from the polyprotein precursor, we decided to test
whether the efﬁciencyof reporter expression (and thus the sensitivity of
the system) could be improved by introducing alternative processing
sites after the reporter gene that would free the replicon from the
constraint of having to provide its own processing enzyme. This ap-
proach has been used successfully in earlier studieswith other ﬂavivirus
reporter replicons (Alvarez et al., 2005). For this purpose, two different
siteswere engineered into the region of C17ﬂucbetween the C-terminus
of the ﬂuc gene and the NS1 signal peptide (see Materials and methods
for details). The ﬁrst of these was the 2A site from foot-and-mouth
disease virus (FMDV2A), which introduces a gap in the polyprotein
during translation by a “topGo” mechanism rather than a proteolytic
cleavage event (Atkins et al., 2007; de Felipe et al., 2003; Donnelly et al.,
2001b). The secondwas the analogous 2A site from Thosea asigna virus
(TaV2A) (Donnelly et al., 2001a).
As shown in Fig. 3A, when the relative amounts of ﬂuc activity were
compared 3 h after transfection of BHK-21 cells with capped RNA made
fromtheseconstructs, theFMDV2AandtheTaV2A repliconsbothyielded
considerably higher levels of luminescence than did the original C17ﬂuc
construct containing the TBEV NS2B/3 cleavage site. The luminescence
intensity was more than two-fold higher with the FMDV2A construct
and about three-fold higher with the TaV2A construct. Furthermore,mock-transfected cells; RLUs, relative light units. (B) Kinetics of Renilla luciferase activity
d by immunoﬂuorescence with an NS1-speciﬁc monoclonal antibody three days after
NS5 (Koﬂer et al., 2006), which was used as a control.
Fig. 3. Effect of different processing sites at the C-terminus of the ﬁreﬂy luciferase gene.
(A) Relative luciferase activity at different time points in BHK-21 cells transfected with
C17ﬂuc-TaV2A or C17ﬂuc-FMDV2A expressed as a ratio to that of C17ﬂuc (using the
NS2B/3 protease site) at the corresponding time point. Error bars represent the standard
deviation from a minimum of two independent experiments. (B) Relative processing
efﬁciency of C17ﬂuc, C17ﬂuc-FMDV2A, and C17ﬂuc-TaV2A. Cells harvested 48 h after
transfection were analyzed by immunoblotting using speciﬁc antibodies against ﬁreﬂy
luciferase (Anti-luc) or the TBEV NS1 protein (Anti-NS1). “Mock” is a mock-transfected
control, and “ΔR88” is a prM-cleavage-deﬁcient TBEV mutant (Elshuber and Mandl,
2005) used as a positive control for NS1 expression and processing.
422 V.M. Hoenninger et al. / Virology 377 (2008) 419–430signiﬁcant differences in luminescence intensity were observed at later
time points, after RNA replication had taken place. As shown in Fig. 3A,
the luminescenceyield44h after transfectionwasabout20 times higher
with the FMDV2A construct and more than 25 times higher with the
TaV2A construct thanwith the original construct containing the NS2B/3
cleavage site. This result was conﬁrmed by immunoblotting 48 h after
transfection with antibodies speciﬁc for ﬂuc or the TBEV NS1 protein
(Fig. 3B). Signiﬁcantly more ﬂuc was present in the cells at this time
point when the gene was followed by the TaV2A or the FMDV2A site
instead of the NS2B/3 site suggesting a more efﬁcient release of ﬂuc. It
seems reasonable to conclude that the faster processing of the ﬂuc-NS1
junction region greatly increases the sensitivity of this reporter system.
We therefore chose the more efﬁcient of these two, C17ﬂuc-TaV2A, for
use in further experiments investigating the effect of changes in the
TBEV 3′-NCR on translation and RNA replication.
Standardization for quantitative comparisons
Luciferase reporter systems are very sensitive tools that can be used
to make quantitative comparisons of translation and replication levels
with different constructs, but for such comparisons, proper standardiza-
tion is needed to normalize factors such as transfection efﬁciency. This is
typically accomplished by using two different luciferase enzymes thatuse different substrates — one as the main reporter and the other,
provided by cotransfection with a control construct, to provide a quan-
titative measure of transfection efﬁciency (Schagat et al., 2007). In the
experiments described below, ﬁreﬂy luciferase was used as the reporter
in the C17ﬂuc-TaV2A replicon, and this was used together with either
RNA or DNA containing the Renilla luciferase gene as a transfection
control for normalization. For experiments examining early time points
corresponding to the translation of input RNA (up to 12 h posttransfec-
tion), capped mRNA transcribed in vitro from the Rluc expression
plasmid phRL-SV40 (Promega) was used as the transfection control,
whereas formeasuring translation of replicated RNAat later timepoints,
after most of the input RNA had already been degraded, the expression
plasmid itself (DNA instead of RNA) was used as the control. In our
hands, Rluc expression in cells transfectedwith plasmid phRL-SV40was
detectable at 6 h after transfection and for the entire time thereafter that
expression was monitored (70–96 h) (data not shown).
In order to conﬁrm the correlation of the ﬁrst and the second peak
to translation and replication, respectively, ﬂuc activity was mon-
itored in BHK-21 cells transfected with C17ﬂuc-TaV2A replicon RNA
and compared to a replication-deﬁcient variant of this replicon, NS5-
GAA, and an in vitro-transcribed but uncapped C17ﬂuc-TaV2A control
RNA. NS5-GAA was identical to C17ﬂuc-TaV2A except that it con-
tained a mutated active-site motif (GDD-to-GAA) in the polymerase
domain of NS5. This experiment demonstrated that the GDD-to-GAA
mutation, which abolishes viral RNA replication, but not the ability
of the RNA to be translated, yielded a proﬁle in which the ﬁrst
(translation) peak was unchanged but the second (replication) peak
was absent. Conversely, the uncapped replicon control, which ini-
tially was translated inefﬁciently due to the lack of a 5′-cap, produced
only the later peak after new capped copies of this RNA had been
produced in the cells (Chiu et al., 2005). This result could be re-
produced in an experiment in which different time points were
analyzed (not shown). The reporter replicon system therefore allows
alterations affecting viral RNA replication to be distinguished from
those affecting translation.
The correlation between luciferase activity and RNA replication
was conﬁrmed in a separate kinetics experiment in which the ﬂuc
activity of cells transfected with capped C17ﬂuc-TaV2A and NS5-GAA
RNA closely paralleled the number of copies of the RNA genome
measured at different time points by quantitative PCR (Fig. 4B).
Effect of deletions in the variable region of the 3′-NCR
We next used the C17ﬂuc-TaV2A reporter replicon to examine
whether the variable region of the 3′-NCR plays a role in the efﬁciency
of cap-dependent translation or replication of the viral genomic RNA.
Some natural isolates of TBEV contain large internal poly(A) tracts in
this region, whereas others may contain either short poly(A) stretches
or none at all (Mandl et al., 1991; Wallner et al., 1995). Although some
studies have shown that the poly(A) element can be deleted and is
therefore not essential (Mandl et al., 1998), it has not been clear
whether it might nevertheless provide a subtle advantage in either
RNA replication or translation efﬁciency.
To test this question, wemade three additional constructs inwhich
different amounts of the variable region were removed from the
reporter replicon, which initially contained a stretch of 49 adenines
derived from the original infectious clone of TBEV prototype strain
Neudoerﬂ (Mandl et al., 1997). In the ﬁrst of these (replicon 9A), all but
9 adenines were removed, in the second (replicon ΔpolyA), all of the
poly(A) tract was removed, and in the third (replicon Δvar), the entire
variable region (nucleotides 10378 to 10795) was deleted (Fig. 5A).
These constructs were used to make capped RNA transcripts in vitro,
which were then used together with the appropriate Rluc control
RNA or plasmid for transfection of BHK-21 cells. For comparison
of translation efﬁciency of the different constructs, ﬂuc activity was
measured 3 h after transfection and normalized using the Rluc RNA
Fig. 4. Normalization and biphasic kinetics of ﬁreﬂy luciferase activity in BHK-21 cells
transfectedwith C17ﬂuc-TaV2A. (A) BHK-21 cellswere transfectedwith capped (+cap) or
uncapped (−cap) C17ﬂuc-TaV2A RNA or capped NS5-GAA RNA. Luciferase values were
normalized to an internal RNA control. (B) Comparison of luciferase activity (dashed
lineswith triangles) with RNA copy number asmeasured by quantitative PCR (solid lines
with circles) at different time points. For the luciferase data, logarithmicmeans from two
separate experiments are shown. Error bars represent the standard deviation from two
independent experiments.
Fig. 5. Lack of effect of deletions in the variable region of the 3′-NCR on translation and
replication. (A) Schematic diagram showing the positions of the deletions. The original
construct contained 49 adenine residues, of which all but nine were deleted in replicon
9A. All 49 adenines (nucleotides 10489–10537) were deleted in replicon ΔpolyA, and
the entire variable region (nucleotides 10378–10795) was deleted in replicon Δvar.
(B) Comparison of levels of translation of input RNA from the different constructs using
normalized luciferase data obtained 3 h posttransfection. The error bars show the
standard deviation from at least three different experiments, and the scale of the y-axis
is linear. (C) Normalized luciferase activity (log scale) at later time points (10–70 h
posttransfection), corresponding to the kinetics of RNA replication. Capped NS5-GAA
RNA, which can be translated (see panel B) but cannot replicate because its RNA
polymerase is nonfunctional, was used as a control.
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described in the previous section was included as a control.
As shown in Fig. 5B, the level of expression of luciferase from the
input RNA was essentially identical for all of the constructs, indicating
that the presence or absence of the poly(A) tract does not signiﬁcantly
affect the efﬁciency of cap-dependent translation from the viral poly-
protein start site. Although the somewhat lower luciferase values
obtainedwithΔvar do suggest that deletion of the entire variable region
might have caused a slight reduction, this difference was within the
error range of our test system.When luciferase levels were examined at
later time points (13–68 h after transfection), it was again observed that
none of these deletions had any observable effect on ﬂuc expression
(Fig. 5C), indicating that neither translation nor RNA replication ef-
ﬁciency is affected by removing part or all of the variable region.
Effect of replacing the variable region with expression cassettes
In earlier studies investigating the use of TBEV replicons for making
bicistronic expression systems, it was observed that insertion of ex-
pression cassettes containing an internal ribosome entry site from
encephalomyocarditis virus (EMCV IRES) into the variable region of the
3′-NCR resulted in reduced levels of RNA replication and expression
of viral genes from the natural cap-dependent translation start site
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insertions in the IRES element that decreased the translation efﬁciency
of the IRES itself mitigated these effects (Gehrke et al., 2005; Orlinger
et al., 2007). In these studies itwas speculated thatbindingof a ribosome
to the IRES in the 3′-NCR might interfere with translation of the cap-
dependent cistronbya different ribosome, block the synthesis ofminus-
strand RNAby the viral polymerase, or possibly both. Here,wewere able
to address this question using the newly established reporter replicon
system.
The following expression cassettes from earlier studies were used
for these experiments: 1) IRES-eGFP (Gehrke et al., 2005), which
encodes an enhanced green ﬂuorescent protein (eGFP) under the
control of an EMCV IRES, 2) IRES-ME (Orlinger et al., 2006), which
contains the region encoding the TBEV prM and E proteins under the
control of an EMCV IRES, and 3) IRES(A771C)ME and 4) IRES(26A)ME
(Orlinger et al., 2007),which are variants of IRES-ME thatwere selected
during propagation of a self-replicating artiﬁcial bicistronic TBEV
genome, TBE-bc. The ﬁrst of these contains an A–C substitution at
nucleotide position 771 in the oligo(A) loop of the JK stem–loop
structure of the IRES element, and the second contains an insertion of
19 additional adenines in this same oligo(A) loop, thus increasing the
total number in the original loop from 7 to 26. In the context of the
artiﬁcial bicistronic TBEV, both of these were shown to provide a
growth advantage over the parental construct while weakening the
translation capacity of the IRES itself (Orlinger et al., 2007).
Each of the expression cassettes described above was cloned into
the C17ﬂuc-TaV2A reporter replicon (Fig. 6A) as described in Materials
and methods, and the resulting cDNAs were used as templates for
in vitro synthesis of capped RNA. Equimolar amounts of each RNAFig. 6. Effect of IRES-containing expression cassettes in the 3′-NCRon cap-dependent translati
and IRES-eGFP. The position of the EMCV IRES in each construct is indicated, and its seconda
indicated by an asterisk. IRES-ME, IRES(A771C)ME and IRES(26A)ME contain the region encodin
ﬂuorescent protein (eGFP). (B) Kinetics of reporter expression in BHK-21 cells transfected wit
(C) Kinetics of reporter expression in BHK-21 cells transfected with IRES-ME, IRES-eGFP, C17
represent the standard deviation from a minimum of three independent experiments.were used for transfection of BHK-21 cells, together with the ap-
propriate Rluc standard for normalization, as discussed above, and ﬂuc
and Rluc activity were measured at different time points after trans-
fection. As controls, the parental reporter replicon and the replication-
defective mutant NS5-GAA were also used.
As shown in Figs 6B and C the normalized ﬂuc activity at 3 h
posttransfection was similar for all of the constructs examined, in-
dicating that, similar to what was observed with the deletions in the
variable region, the expression cassettes tested here clearly did not
have a strong effect on the efﬁciency of cap-dependent translation.
Furthermore, the IRES mutations that had been selected previously
(A771C and26A) didnot demonstrate signiﬁcantly increased efﬁciency
of translation of the input RNA (Fig. 6C). Thismeans that the hypothesis
that mutations causing weaker binding of the ribosome to the IRES
had increased the ﬁtness of the original bicistronic RNA by reducing
competition for ribosomes between the IRES and cap cistrons is not
supported.
In contrast to the 3-hour time point, signiﬁcant differences were
found at later time points, suggesting differences in the rate of accu-
mulation of RNA in the cell. As shown in Fig. 6B, the reporter replicons
containing the IRES-eGFP cassette and the IRES-ME cassette both
displayed reduced luciferase expression compared to the parental
replicon: with the IRES-eGFP construct it was 10–50-fold (1–1.7 log)
lower, and with IRES-ME it was 10–440-fold (1-2.6 log) lower. Fur-
thermore, in both of these cases, replication proceeded with a delay
when compared to the replicon without an insertion. Interestingly,
reporter replicons containing the IRES-ME cassette with the IRES
mutations A771C or 26A had about 10 times higher luciferase levels
than the IRES-ME construct with a normal IRES, suggesting that theseon and RNA replication. (A) Schematic diagramof the C17ﬂuc-TaV2Aderivatives IRES-ME
ry structure is depicted. The position of the A771C and 26A mutations within the IRES is
g the TBEV prM and E proteins, and IRES-eGFP contains the gene for the enhanced green
h IRES-ME, mutant IRES(A771C)ME, or mutant IRES(26A)ME, shown on a logarithmic scale.
ﬂuc-TaV2A, or replication-deﬁcient NS5-GAA, shown on a logarithmic scale. Error bars
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These results together imply that the presence of an expression cassette
in the 3′-NCR, and probably the IRES itself, interferes with RNA
replication, but it does not inﬂuence translation fromthe cap-dependent
start site at the 5′ end.
Effect of replacing the variable region with protein-binding elements
In addition to its previously demonstrated usefulness as a site for
inserting genes for foreign protein expression, the variable region of
the TBEV 3′-NCR also has the potential to be used as a site for inserting
a speciﬁc RNA–protein interaction sequence for GFP-tagged cognate
ligands. In fact, it has been reported that insertion of recognition
elements from the bacteriophage MS2 coat protein allows RNA
molecules to be detected in cells expressing an MS2 coat protein
fused to the green ﬂuorescent protein (GFP) (Bertrand et al., 1998).
This method allowed for the ﬁrst time the study of mRNA biogenesis
in real time in live cells (Boireau et al., 2007; Darzacq et al., 2007). We
therefore made constructs in which the variable region of the TBEV
reporter repliconwas replaced by 12 or 24 copies of the 19-nucleotide
MS2 repeat element to study the effect of these elements, both in the
presence and absence of the EYFP-MS2 (enhanced yellow ﬂuorescence
protein) fusion protein, on translation and replication of the replicon
RNA using the luciferase reporter assay (Fig. 7A). As in the previous
experiments, capped RNA was made in vitro and used together with
the transfection standard for electroporation of BHK-21 cells, but in
addition, some of the cells were also simultaneously transfected with
plasmid pEYFP-MS2, which contains the gene for the bacteriophage
MS2 core protein fused to EYFP driven by the CMV promoter (see
accompanying paper by Miorin et al., submitted). As shown in Fig. 7B,
neither the 12- nor the 24-repeat insertion had a signiﬁcant effect onFig. 7. Effect of insertion of MS2 coat protein-binding sites into the 3′-NCR on cap-dependen
12xMS2 and 24xMS2, which contain 12 and 24 copies, respectively, of the MS2 recognition si
C17ﬂuc-TaV2A, or replication-deﬁcient NS5-GAA, shown on a logarithmic scale. Error bars
(C) Lack of interference of enhanced yellow ﬂuorescent protein-tagged MS2 coat protein (EYF
this protein. BHK-21 cells were either transfected with C17ﬂuc-TaV2A, 12xMS2, or 24xMS
indicated below the ﬁgure. The data, shown on a logarithmic scale, are normalized luciferas
pEYFP-MS2 was also observed at 13, 15, 18, 21, 23 and 68 h posttransfection (data not showtranslation of the input RNA, and normalized luciferase levels 3 h after
transfectionwere similar for these constructs and the controls. At later
time points, however, luciferase levels remained somewhat lower
(about ten-fold) in cells transfected with RNAs containing the repeats
than in cells transfected with the parental C17ﬂuc-TaV2A construct
(Fig. 7B), suggesting a modest effect of these elements on RNA
replication. This effect does not appear to be proportional to the size of
the inserted sequence, since 12xMS2 and 24xMS2 yielded essentially
identical curves.
In cells in which 12xMS2, 24xMS2, or the parental construct were
cotransfected with the plasmid encoding the EYFP-MS2 protein, no
additional effect was observed at any of the time points (Fig. 7C). There
is therefore no indication from this set of experiments that EYFP-MS2,
when expressed in this manner, interferes at all with translation or
replication of the replicon RNA, regardless of whether or not there are
copies of its target sequences present in the 3′-NCR of the replicon.
Together, these results support the potential use of TBE virus or
replicon RNA containing MS2 repeats to study viral RNA in living cells
using the EYFP-MS2 reporter.
Discussion
In this study, a functional analysis of the variable region of the
TBEV 3′-NCR was performed using a simple and sensitive system to
measure both replication and primary translation of self-replicating
RNA. The variable region of most strains of TBEV is signiﬁcantly longer
than in mosquito-borne ﬂavivirus genomes (Bryant et al., 2005;
Gritsun et al., 1997; Ma et al., 2003; Mandl et al., 1998, 1991; Markoff,
2003; Yang et al., 2004). Some strains, such as the prototypic strain
Neudoerﬂ, carry an internal poly(A) region of variable length which
may further elongate during viral growth (unpublished observation).t translation and RNA replication. (A) Schematic diagram of C17ﬂuc-TaV2A derivatives
te. (B) Kinetics of reporter expression in BHK-21 cells transfected with 12xMS2, 24xMS2,
represent the standard deviation from a minimum of three independent experiments.
P-MS2) with luciferase expression from reporter constructs containing binding sites for
2 alone or cotransfected with a mixture of replicon RNA and plasmid pEYFP-MS2, as
e values measured 44 h after transfection. A similar lack of effect of coexpression with
n).
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deletions of parts of the variable region, including the poly(A) tract
(Mandl et al., 1998). Strains with shorter variable regions, or that
entirely lack this region, were previously found tomaintain viability in
cell culture and virulence in mice (Mandl et al., 1998). Here, we
wanted to ﬁnd out whether the presence and length of the variable
region and its poly(A) tract had a measurable inﬂuence on the ef-
ﬁciency of translation and/or RNA replication of TBEV. We did not ﬁnd
any such inﬂuence in our experiments, indicating that these elements
are entirely dispensable in BHK-21 cells. This ﬁnding contrasts with
recent results obtained with dengue viruses 1 and 2 (Alvarez et al.,
2005; Tajima et al., 2007). Deletion of the variable region of these
mosquito-borne ﬂaviviruses was shown to impair viral growth in
mammalian cells such as BHK-21 cells. Our ﬁndings were unexpected
also with regard to the fact that the 3′-terminal poly(A) stretches of
cellular mRNAs are targeted by speciﬁc cellular factors (Grange et al.,
1987; Mangus et al., 2003; Sachs et al., 1997; Tarun and Sachs, 1996)
and inﬂuence translation efﬁciency (Jacobson and Favreau, 1983;
Sachs et al., 1997). Furthermore, hepatitis C virus, another member of
the family Flaviviridae possesses within the 3′-NCR a poly(U/UC) tract.
The length of which is decisive for achieving maximal RNA ampliﬁca-
tion (You and Rice, 2008). Apparently, no such role is played by the
internal poly(A) stretch of TBEV, at least when tested in BHK-21 cells.
We have also tried to investigate the properties of our replicons in
a tick cell line, but we were unable to establish an adequate RNA
transfection protocol for these cells.
The observed lack of function of the TBEV variable region is a very
welcome ﬁnding with respect to the potential of this viral genome to
accept foreign genetic information. We and others have previously
demonstrated that expression cassettes under the control of a heter-
ologous IRES element can be inserted in place of this element in
the context of infectious genomes or replicons (Gehrke et al., 2005;
Hayasaka et al., 2004; Orlinger et al., 2006, 2007; Yoshii et al., 2005).
Using constructs in which the TBEV surface proteins required the
foreign IRES for their translation, we were recently able to select
mutations in the IRES itself that enhanced the ﬁtness of such
bicistronic viruses (Orlinger et al., 2007). In that study, the normal
IRES sequence was found to interfere with viral replication, but it
remained unclear whether this was primarily due to an inhibition of
RNA replication or competition of the IRES with cap-dependent
translation. The results obtained with the luciferase reporter indicate
that cap-dependent translation is not affected by the insertion of the
IRES, but RNA replication is signiﬁcantly impaired. The results also
suggest that the disturbance of RNA replication is even stronger with
longer expression cassettes. The previously identiﬁed IRES mutations
lessen the impact of the IRES on RNA replication but, unexpectedly,
have no inﬂuence on cap translation. One may hypothesize that IRES-
mediated binding of the input RNA to the ribosome may prevent the
RNA from entering compartments in which RNA replication can take
place, but does not impair its cap-dependent translation.
The utility of replacing the variable region with foreign genetic
elements is not restricted to expression cassettes. We also inserted
repetitive sequence elements that serve as speciﬁc recognition se-
quences for a phageMS2 capsid protein. Again, these insertions did not
interfere with cap-dependent translation. Notably, they had signiﬁ-
cantly less of a negative impact on RNA replication than the IRES
expression cassettes. Moreover, in the case of these noncoding se-
quences, there was no relationship observed between the length of
the insert and disturbance of RNA replication. A sequence of 1484
nucleotides caused a moderate reduction in replication that was equal
to that of a 742-nucleotide-long sequence. Thus, the capacity of the
TBEV genome to accept foreign sequence elements in place of the
variable region appears to be high. This is in good agreement with the
fact that some TBEV strains have very long variable regions, which
in the light of our results may be regarded as neither necessary nor
harmful for translation and replication. Maybe this indicates an im-portant functional difference between TBEV and the mosquito-borne
ﬂaviviruses, which generally have shorter variable regions. Co-
expression of an EYFP-MS2 protein did not cause a further reduction
of RNA replication, although FACS analysis demonstrated that at least
40% of the cells expressed this protein, and in a separate study, the
EYFP-MS2 fusion protein has been found to bind efﬁciently to the TBEV
replicons containing the speciﬁc repeat sequence insertions (Miorin
et al., submitted, and unpublished data). Apparently, binding of a
cytoplasmic, soluble protein such as MS2 is well tolerated, suggesting
that such systems can be used to localize and quantify RNA synthesis
in vivo.
In addition to the exploration of the role of the TBEV variable
region and its potential to be substituted by various foreign genetic
elements, this study yielded several methological insights which may
be of more general importance for the generation and optimization of
replicating RNA reporter systems:
(i) The choice of the reporter gene, ﬁreﬂy luciferase versus Renilla
luciferase, can cause a dramatic difference in the replicative
ability of the system. The different outcomes obtained with
constructs containing the two luciferases, which are usually
thought to be functionally equivalent, were striking and
unexpected. Whereas the ﬁreﬂy construct replicated well,
the Renilla construct essentially did not replicate. Great care
was taken to exclude that any unintended mutations else-
where in the genome were responsible for this. Remarkably,
primary translation was not affected at all by the introduction
of the Renilla gene. In silico RNA folding analysis yielded no
explanation for these observations. No signiﬁcant changes in
the formation of RNA secondary structure or the cyclization of
the genomewere predicted to be caused by the insertion of the
Renilla gene (C. Thurner, unpublished observation). When 30
nucleotides (10 codons) of the originally deleted capsid protein
sequence were re-inserted into the construct (the C27-Rluc
construct), RNA replication was restored, suggesting that not
the insertion of the Renilla gene per se, but its proximity to the
5′-terminus was causing the problem. Possibly, an RNA
structure present in the Renilla coding sequence interferes
with the RNA replicationmechanism, but not translation, if it is
in spatial proximity to the 5′-NCR. This unexplained inhibitory
effect observed with this gene may be relevant for other
systems as well and should be considered by researchers
working with similar self-replicating RNA constructs.
(ii) The sensitivity of the system depends strongly on the choice of
the cleavage mechanism by which the reporter protein is
separated from the polyprotein. The direct comparison between
the cleavage site for the viral protease NS2B/3 and the FMDV2A
and TaV2A sites indicated that the highest reporter gene
expression was achieved with the TaV2A site. The TaV2A
sequence turned out to be somewhat more efﬁcient than the
FMDV2A sequence, which is widely used in various expression
systems. These two sites very rapidly introduce a break in the
growing polypeptide chain by a “StopGo” mechanism, as
demonstrated recently for the FMDV2A sequence (Atkins et al.,
2007). In contrast, cleavage of the NS2B/3 site depends on prior
translation and accumulation of the protease. Furthermore, in
some cases the site may not be efﬁciently recognized by the
protease, resulting, as demonstrated in our experiments, not only
in release of low levels of the reporter gene, but also in reduced
formation of protein NS1, which may in turn impair the for-
mation of replication complexes. While different cleavage mech-
anisms may perform best in different expression systems, our
observations illustrate the necessity to evaluate this process in
order to achieve optimal sensitivity of the system.
(iii) Standardization of ﬁreﬂy luciferase assays to study ﬂavivirus
translation and replication is critical to obtain a comparable set
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monitored for 96 h. Therefore, it is not possible to rely only on
the use of in vitro-transcribed Renilla luciferase RNA because it
becomes undetectable after a few hours, whereas expression
from a plasmid construct becomes detectable only at later
times. The use of both RNA and DNA as internal standards
resolves this issue and provides a convenient method to study
early time points after transfection, using Renilla luciferase
RNA, as well as late time points, using an expression plasmid.In conclusion, the TBEV reporter replicon has proven to be a valuable
tool for the investigation of speciﬁc sequence elements that govern RNA
translation and replication. Future studies will target the stem–loop
structures and the embedded circularization elements close to the
genomic termini. Analysis of viral mutants has revealed that a variety of
speciﬁc genomic determinants that attenuate the virulence of TBEV, and
self-replicating, but non-infectious TBEV RNAs that produce subviral
particles have been developed (Koﬂer et al., 2004). Both of these
approaches may be useful for the development of new and safe live,
replicating ﬂavivirus vaccines. Finally, TBEV shows good potential as a
backbone for thegenerationof infectious or non-infectious genevectors.
For all of these approaches it is very important to better deﬁne, under-
stand and distinguish from each other molecular elements and speciﬁc
mutations that inﬂuence translation and/or RNA replication. Ultimately,
a better deﬁnition of such determinants will lead to the ability to
optimize and ﬁne-tune new vaccines and vectors with respect to their
replication and protein expression capacities.
Materials and methods
Reporter replicon construction
All of the replicon constructs described in this study are derivatives
of pTNd/c, an infectious cDNA clone of TBEV strainNeudoerﬂ (GenBank
accession number U27495), the prototype of the Western subtype
(Mandl et al.,1997), andwere constructedbymakingmodiﬁcations to a
previously described replicon construct, C17 (Koﬂer et al., 2006). This
construct contains the ﬁrst 17 codons of the N-terminal region of the
capsid protein, corresponding to nucleotides 133–183 (numbering
according to the full-length sequence of strain Neudoerﬂ), followed by
a large deletion extending from the beginning of the prMgene through
most of the region coding for the E protein (nucleotides 184–2386). The
deleted region was replaced by a small artiﬁcial multiple cloning site
(MCS) followed by a short recognition sequence for the TBEV protease
NS2B/3. C17 and all of its derivatives contain a T7promoter upstreamof
the viral sequence to enable in vitro transcription of the replicon RNA.
The sequences of the oligonucleotide primers used in this study are
given in Supplementary Table 1, and the different replicon constructs
are depicted in Fig. 1.
The reporter replicon C17Rluc was made by ﬁrst amplifying the Re-
nilla luciferase (Rluc) gene (933 nts) fromplasmid phRL-SV40 (Promega)
by PCR using primers F-PacI_Rluc and R-NotI_Rluc, trimming the PCR
product with PacI and NotI, and inserting it into the MCS of C17.
Replicons C27Rluc andC37Rlucweremadeby replacing aportion of
C17Rluc, extending from a SalI site upstream of the T7 promoter to the
PacI site between the truncated capsid gene and the luciferase gene,
with an otherwise identical fragment containing a longer extension of
the C gene at its 3′ end. This was accomplished by amplifying a region
of a related replicon construct containing all of the capsid protein
except for the 16 carboxy-terminal codons (pTNd/ΔME) (Gehrke et al.,
2003) using the forwardprimer F-SalI togetherwith the reverse primer
R-C27_PacI (for C27Rluc) or R-C37_PacI (for C37Rluc) to generate the
appropriate PCR product, which was then trimmed with SalI and PacI
and inserted in place of the shorter SalI–PacI fragment of C17Rluc.
To generate C17ﬂuc, the region containing the Renilla luciferase
gene was removed from the C17Rluc plasmid by digestion with PacIand NotI and then replaced by a ﬁreﬂy luciferase (ﬂuc) gene (1649 nts)
that had been ampliﬁed by PCR from plasmid pGL3 (Promega) using
the forward and reverse primers (F-PacI_ﬂuc and R-NotI_ﬂuc) con-
taining restriction sites for PacI and NotI, respectively.
To construct C17ﬂuc-FMDV2A, a 60-nt region encoding the 2A site of
foot-and-mouthdisease viruswasampliﬁedbyPCR fromplasmidMSCV-
GFP2AHOXB4 (Klump et al., 2001) using the primers F-NotI_FMDV and
R-NotI_FMDV. The PCR product was then trimmed with NotI and in-
serted into the NotI site of C17ﬂuc. C17ﬂuc-TaV2Awasmade in the same
way as C17ﬂuc-FMDV2A, using the retroviral vector dsRed-2A-CDX4
(friendly gift from H. Klump) and primers F-NotI_TaV and R-NotI_TaV to
amplify a 60-nt region containing the Thosea asigna virus 2A site
(Donnelly et al., 2001a), whichwas likewise inserted into the NotI site of
C17ﬂuc.
The replication-negative mutant of C17ﬂuc-TaV2A, NS5-GAA,
was generated by changing the conserved GDD motif (9652–9660)
in the polymerase active site of NS5 to GAA using a GeneTailor Site-
Directed Mutagenesis System (Invitrogen) with mutagenic forward
primer F-mutGDD and a wild-type reverse primer.
Deletions and insertions in the variable region of the 3′-NCR
To create variants that either completely lacked the poly(A) tract
in the 3′-NCR or contained only 9 of the original 49 adenines,
appropriate forward primers (F-Dra-2 and F-Dra-3, respectively)
were designed that contained the desired sequence preceded by a
DraI site. Each of these forward primers was used together with the
reverse primer R-AgeI for PCR ampliﬁcation of the corresponding
region of a plasmid clone, pTNd/3′ (Mandl et al., 1997), containing the
3′ portion of the TBEV strain Neudoerﬂ genome. The PCR products
were trimmed with DraI and AgeI and inserted in place of a DraI/AgeI
fragment in pTNd/3′ extending from nucleotides 10484 to 10796.
Primers F-XbaI and R-AatII were then used to amplify the region
containing the modiﬁed poly(A) tract (nucleotides 9163–11145), and
the PCR product was trimmed with XbaI and AatII and inserted in
place of the corresponding region of C17ﬂuc-TaV2A to create the
replicon constructs ΔpolyA and A9.
Replicon Δvar, lacking the entire variable region, was constructed
in the sameway as ΔpolyA and A9, with the same primers (F-XbaI and
R-AatII) and restriction enzymes, but using the previously described
plasmid clone pNd/3′Δ10795 (Mandl et al., 1998), which has a deletion
from nucleotide 10378 to 10795, as template.
The reporter replicons in this study that contained expression
cassettes in the 3′-NCR, (IRES-eGFP, IRES-ME, IRES(A771C)ME and
IRES(26A)ME) were obtained by taking previously described plasmids
containing these cassettes and replacing a fragment extending from
a SalI site preceding the T7 promoter to a ClaI site at nucleotide
3155 (in the NS1 coding region) with the corresponding region from
C17ﬂuc-TaV2A. The following plasmids were used as backbones for
these constructs: pTNd/ΔME-EGFP (Gehrke et al., 2005), TBEV-bc
(Orlinger et al., 2006), TBEV-bc(A771C) and TBEV-bc(26A) (Orlinger
et al., 2007).
To obtain the replicons 12xMS2 and 24xMS2, we took advantage of
the plasmids pTNd/ΔME_12xMS2 and pTNd/ΔME_24xMS2, in which
the variable region of the 3′-NCR within the previously described
plasmid pTNd/ΔME (Gehrke et al., 2003) had been replaced by cassettes
containing12or 24 repeats of a stem–loopRNAstructure (19nucleotides
each) that is speciﬁcally recognized by the MS2 bacteriophage coat
protein (Bertrand et al., 1998). Construction of the plasmids pTNd/
ΔME_12xMS2 and pTNd/ΔME_24xMS2 is described in detail in an
accompanying paper byMiorin et al. (submitted). The 3′-NCR containing
the repeats was substituted for the corresponding fragment in the
C17ﬂuc-TaV2A construct using restriction sites for ClaI (position 3155)
and NheI (at the 3′ end).
All plasmids were propagated in E. coli strain HB101, and prep-
arations were made using commercial puriﬁcation systems (Qiagen).
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DNA sequencing system (PE Applied Biosystems, GA3100).
In vitro RNA synthesis and transfection
Procedures for in vitro transcription and transfection of BHK-21 cells
by electroporation were performed as reported in previous studies
(Mandl et al., 1997). Uncapped and capped RNA with m7GpppG cap
analogue were synthesized using reagents from the T7 Megascript kit
(Ambion) according to the manufacturer's protocol. After the tran-
scription reaction, template DNA was digested with DNAseI, puriﬁed,
and separated from unincorporated nucleotides using an RNeasy®Mini
Kit (Qiagen). The integrityof theRNAwascheckedbyelectrophoresis in a
1% agarose gel containing 6% formalin. RNA was quantiﬁed by spectro-
photometric measurement, and equal amounts of RNA (corresponding
to approximately 1.9×1012 copies) were used for all transfections.
RNA for expression of Renilla luciferase as a cotransfection control
was made by ﬁrst linearizing plasmid phRL-SV40 with BamHI and
purifying it by phenol-chloroform treatment. A 6-µg aliquot of this
DNA was then used to make capped RNA, using the same procedures
for synthesis, puriﬁcation, and quantitation that were used for the
replicon RNA.
BHK-21 cells (ATCC CL10) were grown at 37 °C with 5% CO2 in
Eagle's minimal essential medium (EMEM) (Sigma) supplemented
with 5% fetal calf serum (FCS), 1% glutamine, and 0.5% neomycin. The
cells were electroporated using a GenePulser apparatus (Bio-Rad)
as described previously (Mandl et al., 1997). After transfection, the
growthmediumwas replaced by amaintenance medium consisting of
EMEM without phenol red (Cambrex), containing 1% FCS.
Luciferase assays
A Dual-Glo™ Luciferase Assay System (Promega) was used
according to the manufacturer's instructions to simultaneously
measure both ﬁreﬂy and Renilla luciferase activity. After electropora-
tion of BHK-21 cells with RNA and/or DNA, cells were washed once
with growth medium (EMEM without phenol red, Cambrex) contain-
ing 5% FCS and counted. A maximum of 60,000 cells were seeded onto
96-well plates (Perkin Elmer), and triplicate wells were lysed at in-
dividual time points, followed by measurement with a Victor Light
Luminometer (Perkin Elmer). The primary data are given in relative
light units (RLUs).
For normalization of the ﬁreﬂy luciferase values, replicon RNA
(1.9×1012 copies) containing the ﬁreﬂy luciferase gene was cotrans-
fected with either 6 µg of RNA that had been transcribed in vitro from
phRL-SV40 (encoding Renilla luciferase) as a standard for the early
time points (3 hours) (h), or 6 µg of phRL-SV40 DNA for later time
points (13–96 h). In addition, a separate “control standard” consisting
of BHK-21 cells transfected with the control nucleic acid alone was
included in each experiment, and the mean value of the Renilla
luciferase activity of these cellswas determined at each time point. The
ratio of the uncorrected luciferase activitymeasured for the RNAversus
the DNA controls differed less than two-fold between individual
transfection experiments indicating that only little variability was
introduced due to the usage of two different controls within a single
time course experiment. The same electroporation conditions were
used for DNA and RNA samples and yielded consistently high
efﬁciencies between 50 and almost 100% of the transfected cells as
determined by immunoﬂuorescence or FACS. To calculate the normal-
ized ﬁreﬂy luciferase activity, the measured Renilla luciferase activity
from each cotransfected sample was divided by the corresponding
control standard value to obtain a normalization factor by which the
measuredﬁreﬂy luciferase value of thatwellwas divided. To correct for
variability between different plates, the control standards from each
plate were normalized to a single standard to obtain a factor by which
the ﬁreﬂy luciferase values for that plate were then multiplied. In thisway, corrections could be made for differences in transfection ef-
ﬁciencyaswell as total cell count at different timepoints. The corrected
data are presented as “normalized RLUs”.
Immunoﬂuorescence assay
Approximately 1×105 cells were seeded onto individual glass cover
slips in 24-well plates and suppliedwith growthmediumsupplemented
with 5% FCS. The growth medium was replaced 20 h posttransfection
with maintenance mediumwith the FCS content reduced to 1% to slow
cell growth. Immunoﬂuorescence stainingwas performed on day 3 after
electroporation. Cells were permeabilized by acetone–methanol (1:1)
ﬁxation, and the presence of NS1 protein was visualized by incubation
with a mouse anti-NS1 monoclonal antibody (Iacono-Connors et al.,
1996) and FITC-conjugated anti-mouse IgG antibody (Sigma). The eval-
uation of the immunoﬂuorescence staining was performed by visual
inspection using a Nikon Microphot microscope.
Immunoblotting
Cells grown in 12-well plates were harvested 48 h after electro-
poration, washed twice with PBS, lysed in 100 µl lysis buffer (1 M Tris,
2% SDS, 10% glycerin and 0.05% bromophenol blue), and boiled for
7 min at 95 °C. Ten-microliter aliquots of the cell lysates were
separated under SDS-denaturating conditions on a 15% polyacryla-
mide gel, and proteins were blotted onto a PVDFmembrane (Bio-Rad),
which was then blocked overnight at 4 °C using PBS containing 1%
BSA and 0.2% Tween-20 (PBS-T). The membranes were probed with
primary antibodies to TBEV NS1 (1:1000 in PBS-T) or anti-luciferase
polyclonal antibody (Promega) (1:1000) for 2 h at room temperature
(RT). Both peroxidase-conjugated rabbit anti-mouse IgM (1:3000)
(Amersham Biosciences) and donkey anti-goat (1:7500) (Promega)
secondary antibodies were used, and FAST™ 3,3-diaminobenzidine
tablets (Sigma) were used for detection.
Quantitative PCR
Intracellular RNA levels were monitored by quantitative real-time
PCR as described previously (Koﬂer et al., 2006). Brieﬂy, BHK-21 cells
were electroporatedwith equimolar amounts of RNA. Then, to remove
noninternalized RNA, cells were washed twice with growth medium
containing 5% FCS and seeded into 25-cm2 tissue culture ﬂasks. Cells
were harvested at different time points and counted using a Casy 1 TT
cell counter (Schärfe system). Cytoplasmic RNA was extracted from a
deﬁned number of cells using an RNeasy® Mini Kit (Qiagen) and
subjected to quantitative PCR (PE Applied Biosystems), as described
elsewhere (Koﬂer et al., 2006).
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